index of volume, which can be coupled with pressure data to construct pressure-area loops on-line. The purpose of this study was to evaluate intraoperative LV performance in patients undergoing coronary bypass surgery before and immediately after cardiopulmonary bypass using on-line pressurearea relations.
Methods and Results Studies were attempted in 13 consecutive patients. Simultaneous measures of LV cross-sectional area, LV pressure, and electromagnetic flow probe-derived aortic flow recorded on a computer work station interfaced with the ultrasound system. Pressure-area loops were compared with simultaneous pressure-volume loops constructed from pressure and flow data during inferior vena caval occlusions before and after bypass. Pressure-volume calculations (end-systolic elastance, maximal elastance, and preload-recruitable stroke work) were then applied to pressurearea loops with area substituted for volume data. Changes T raditional intraoperative measures of left ventricular (LV) function, such as cardiac output or ejection fraction, are dependent on the rapidly changing variables of preload and afterload as well as contractility.'-5 Analysis of pressure-volume relations in other settings has been useful to determine LV performance because of their unambiguous presentation of loading conditions and the contractile state.6-'0 Pressure-volume analyses, however, have been limited because of technical difficulties encountered in acquiring on-line LV volume data. Echocardiographic automated border detection measures of LV cavity area have recently provided an on-line estimate of changes in LV volume and may be acquired by the transesophageal approach in the operating room.1-'4 We have recently shown that these area data may be coupled with LV pressure using a computer interface to construct pressure-area loops in real time for analysis in a manner
Received June 17, 1993 ; revision accepted October 15, 1993 . From the University of Pittsburgh Medical Center, Pittsburgh, Pa. Presented in part at the American Heart Association's 66th Annual Scientific Sessions, November 10, 1993 Conclusions Intraoperative pressure-area loops may be acquired and displayed on-line using transesophageal echocardiographic automated border detection and readily analyzed in a manner similar to pressure-volume loops. LV performance was depressed immediately after cardiopulmonary bypass compared with before. On-line pressure-area relations may be clinically useful to assess LV performance in patients undergoing cardiac surgery in whom load and contractility may be expected to vary rapidly. (Circulation. similar to pressure-volume relations.'5 Accordingly, the objective of this study was to evaluate LV performance in patients undergoing coronary artery bypass surgery before and immediately after cardiopulmonary bypass using on-line pressure-area relations.
Methods
Studies were attempted in 13 consecutive patients, aged 67±7 years (range, 54 to 77 years) undergoing coronary bypass surgery. The study protocol was approved by the institutional review board, and all patients gave written informed consent. Patients were excluded with valvular or congenital heart disease, and all were hemodynamically stable at the time of study. One patient was prospectively excluded because of poor-quality transgastric echocardiographic images, with <75% of the endocardium from the midventricular short-axis plane visualized. [16] [17] [18] The study group therefore consisted of 12 patients: 10 men and 2 women. The mean preoperative ejection fraction by contrast ventriculography was 53±12% (range, 32% to 75%), with individual data shown in Table 1 . All patients were in sinus rhythm. A thermodilution pulmonary artery catheter and a fluid-filled femoral artery catheter were inserted. A standard median sternotomy and pericardiotomy were performed. A 4F high-fidelity fiberoptic pressure catheter (Camino Laboratories, San Diego, Calif) was advanced into the left ventricle through a small incision in the right superior pulmonary 
Computer Work Station
The analog area signal from the automated border detection system was directly recorded on a computer work station (Apollo Computer Inc, model DN3550, Chelmsford, Mass) through a customized hardware and software interface."',13"15 LV, central aortic, central venous, and pulmonary artery pressures, along with LV area, aortic flow, and ECG (lead II) signals were continuously digitized by an acquisition system (model RTS-132, Significat, Hudson, Mass) at a sampling rate of 150 Hz for display and storage. The LV pressure and area signals were plotted using customized software and graphics to display pressure-area loops in real time (Fig 1) 
Data Analysis
Pressure, area, flow, and ECG data were transferred to a customized program written in ASYST software (ASYST Software Technologies, Inc, Rochester, NY). Signals were filtered using an inverse Fourier transform algorithm, which increased the portion of the data that was signal spectrum and suppressed highfrequency noise. Data were separated into cardiac cycles from the R wave of the ECG, allowing the user to prospectively eliminate cycles with premature ventricular beats from further analysis. The first IVC occlusion run in chronological order with enough beats to perform the analysis described below was chosen for each condition for each patient from the repeated maneuvers that were performed. Individual pressure-area loops were integrated for the determination of stroke force as fpressure d area.
Simultaneous estimates of stroke work were calculated from the pressure-volume loops constructed from the electromagnetic flow data and the systolic trajectory of the pressure data (bounded by systolic ejection from the flow signal) with the diastolic volume estimated from the minimum pressure value to complete the loop24,25 (Fig 2) .
Changes in stroke force were compared with changes in stroke work during IVC occlusions to determine the relation of pressure-area loops to pressure-volume loops in individual patients. Preload-recruitable stroke work (PRSW), or the relation of stroke work to end-diastolic volume, has been shown to be a useful indicator of LV performance because of its independence of loading conditions. (Table 3 and Fig SA) .
To verify the reproducibility of the relation of stroke force to stroke work in individual patients after bypass associated with repositioning of the transesophageal probe, similar analyses were repeated. Pressure-area data were available in 7 patients after cardiopulmonary bypass, with data unavailable because of poor echocardiographic image quality in 2 patients, hemodynamic instability in 1 patient, and ventricular arrhythmias with catheter placement in 1 patient. Significant relations between percent stroke force and estimates of percent stroke work were once again observed, with a mean correlation of r=.96+±.05, SEE=5+2% (Table 2 and Fig  4B) . Similar relations existed between PRSF and estimates of PRSW in individual patients after cardiopulmonary bypass (Table 3 and Fig 5B) .
Indices of Left Ventricular Function
No patient had new wall motion abnormalities by transesophageal echo imaging after cardiopulmonary bypass or had evidence of intraoperative myocardial infarctions by subsequent cardiac enzyme or electrocardiographic criteria. [30] [31] [32] [33] Paired data sets before and after cardiopulmonary bypass were available on 7 patients, whose clinical data after bypass appear in Table 4 . Four of 7 patients were on positive inotropic agents after cardiopulmonary bypass for IVC occlusion runs that were added at the discretion of the attending anesthesiologist, who was blinded to pressure-area data and who used standard clinical information to make these decisions. Baseline hemodynamic data immediately before the IVC occlusion protocol for each period appear in Table 5 . Small but significant increases in central venous pressure and mean pulmonary artery pressure were observed after cardiopulmonary bypass.
Pressure-area loops with IVC occlusion from individual patients with E'es are shown in Fig 6. Examples of E't and PRSF plots appear in Fig 7. Results of LV performance before and after cardiopulmonary bypass appear in Table 6 
Discussion
This study demonstrates that intraoperative LV pressure-area relations using transesophageal echocardio- Post  1  214  177  21  10  25  20  59  42  2  221  200  35  27  42  35  80  63  3  313  341  35  12  64  13  101  31  4  484  275  29  12  28  20  79  38  5  351  312  44  13  136  61  125  87  6  321  468  37  18  45  20  79  48  7  535  350  26  11  35  13  118  25  Mean±SD  348±122  303±99  32±8 nique is the potential for lateral translation of the left ventricle to occur with IVC occlusion, resulting in artifactual measurements. The degree of LV translation did not appear to be significant in that the midventricular plane was maintained as identified by observation of the papillary muscles on the echocardiographic image throughout the occlusion. Another potential limitation is the curvilinear nature of the area-volume relation with low LV volumes, which would explain the negative area-axis intercept that may occur if the slope of the end-systolic points was extended (Fig 6) . This alteration in the area-volume relation may affect the end-systolic relation. Accordingly, pressure-area relations appear to be linearly related within physiological ranges of LV volumes. Despite these limitations of using area to reflect volume, on-line pressure-area relations can be rapidly acquired and appear to be a physiologically significant method to serially measure global LV contractility in selected patients.
The potential clinical applications of pressure-area relations for the study of LV contractility are vast. An immediate use for this new tool would be investigations into efforts for myocardial preservation during cardiopulmonary bypass and to maximize LV performance after cardiopulmonary bypass. In addition, this method may provide insight for predicting the outcome of valvular surgery for mitral or aortic regurgitation, where ejection phase measures of LV function are problematic predictors of LV performance. Pressure-area relations using echocardiographic automated border detection have promise for evaluation of LV performance in the intraoperative setting today and may have clinical utility in selected patient studies in the future.
